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A THEORY OF DDT IN UNCONFINED FLAI_fF_

1. Introduction

The quantitative prediction of deflagratioz_-tc_detonation transition (DDT) in energetic

gases is one of the major unsolved problems in combustion and detonation theory. Predict-

ing the occurance of DDY has practical importance because of its destructive p6tential.

It is also an extremely interesting and difficult scientific problem because of the complex

nonlinear interactions among the different contributing physical proce_e._, such as turbu-

lence, shock interactions, and energy release. An early description of experiment_ on DDT

is given by Brinkley and Lewis [1], who also describe Karlovitz's theory [2]. Much of this

theory hag subsequently been experimentally confirmed and expanded upon by Oppenheim

and coworkers [3--5]. Excellent, reviews that summarize our understanding to date have

been given by Lee and Moon [6_ and, most recently, by Sheppard and Lee [7]. Other useful

summarie_g of mechanisms of DDT have been given by Lewis and yon Elbe [8} arid Kuo [9].

Turbulence plays an important role in DDT. Several apparently differen_ mechanisms

fi_r the DDT in cor_fined conditions bare been described, each including the turbulence of

the flame and formation of shocks. On large scales, turbulenex.' deforms the flame front

and increase_ its surface area. On small scales, it broadens the flame front and causes

mixing. The result is an extended turbulent "flame brush" in which a series of exlflosiorts

occurs, one of wlfich finally leads to a detonation. Other routes to detonation may include

an explosion in the boundary layer, or an explosion inside the region between the leading

shock and flame brush.

It is believe_ that, in most cas_, the intrinsic mechanism triggering a detona{ion is

the explosion of a normniformly preconditioned region of fuel in which a spatial gradient

of induction time has been created either by turbulent mixing, shock heating, or both.

This gradient mechanism, first 'suggested by Zeldovich and collabora_:or_; for nonuniform

temperature distributions [10,11], was subsequently found in photo-initiation experiments

by Lee at al. [12], who called it the SWACER mechanism. This mechanism has sinc£

beet, studied and described extensively (see, for example, [6,13-16]). The mechanisms for

preconditioning theregion, that is, the mechaffism for preparing an explo_iive mixture that

has a gradient in inductiorJ times, may differ in different situations. It may be created by

a shock wavc, turbulencx;, photo-irradiation, intrirmic flame trmtabiltties, rarefaction, or a

combination of _3everal of these.

It appears to be very diftlcttlt Ix) obtain DDT in unconfined conditions _17--19}. This can

be attributed to the geometrical effects of expansion: shocks which precede a deflagration
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might beweakened,or turbulencemight bedampedtoo muchby the expansion,and so

becomeunableto preconditionthemixture. Wagnerandcoworkers[1_7]report experiments

in which deflagrations were forced to DDT by passing through screens of specified mesh

sizes. The screens created turbulence of the required scale and intensity. These experiments

sugg_mt that an unconfined deflagration could make the transition to detonation under the

right conditions. This possibi.lity has been s_ggested for very large vapor clouds [6,20].

A related problem that ha_ been studied experimentally is initiation of detonations

by turbident jets [!8,2]-24]. In these experime.nts, a jet of hot product gases in injected

into an unburned, cold mixture. The turbuleJ_ce generated by the interaction of this jet

and the background gas cre_ted a nonuniform, p_econditioned region in which detonation

may occur. For these experiments, the effects of reflected shocks and interaction u, ith walls

is minimal compared to DDT in tubes. Therefore, the_ experiments provide important

information on the critical siz2 of the region capable of triggering DDT.

We then ask the following question: What are the minimal requirements for DDT in an

idealized situation when all w_ll effects and incident shocks are eliminated? If we can answer

this qu_;tion, we have a lower bound fo_ DDT conditions. Knowing the necessary conditions

for unconfined DDT, we may then dra.w conclusions abou'_ the relative importance of wall

effects and shocks of different strengths. One possible application of this theory could be

to create reproducible detonations in the short,_t time and smallest space, as required for

pulse-detonation engines. Another application i,._to the theory of supernovae. If DDT does

occur in supernova_, as indicated by observation_ [25_26], it would arise from an unconfined

transition. Currently, there is no quantitative theory explaining exactly how _md when an

unconfined traJ_sition would occur.

In this paper, we derive a theory for unconfined DDT. That is, we addr_ms the situation

where there are no external or r.eflected shoc_;, and no wall effects. We make two basic

assumptions:

i. The gradient mechanism is the inherent mechanism that leads to DDT in unconfined

conditions, and

i£ The sole mechanism h}r preparing the gradient in _nduction time is by turbulent mixing

and local flame quenching. By this assumption, the role of turbulence is to xnix high-

entropy products of burning and low-entropy unreacted fuel. Such mixing create.,;

grac]ients of temperature and concentration which have oppos.lte signs. Turbulence-

generated shocks are ignored.

Given these _ssumptions, there are two fundamental qtles' ions to addrem'. 1) What is

the minimum si_: of a mixed regg}oncapable of generating a detonation, and 2) What level

2



of turbulenceis requiredto createthis region? We address these two questions separately,

and then combine the answers to derive the conditions for unconfined DDT. Here we do not

address the question how the_se conditions may be produced, but give the scale and intensity

of tile turbulence that is required. The derived criterion gives Jower bounds on conditions

for DDT that does not take into account many secondary effects that may fa_;ilitate DDT.

We then conclude with a discussion of the quantitative im[kortance of secondary effects.

2. Critical Size of the Preconditioned Region

In this section we address the first of the two questions formulated in the introduction. We

consider the process of the initiation of detonation that arise_ from the explosion of reactive

gas _ith a nonuniform distribution of induction times. We v.ssume that the nonuniformity is

a result of mixing of high-entropy products and low-entropy unreacted fuel. We determine

the minimum size L, of a mixed region capable of triggering a detonation. Whether _nd

how such a region can be created is a separate question that is studied in Section 3.

We can imagine a variety of regions of di_erent shapes and degrees of mixing created

by turbulence. Here we cor_ider the simple_,;_ representative case of a mixed region with a

linear one-dimensional distribution of products. In the future, we plan to consider regions

with difi'erenf shapes, and thus explore the influence of geometry. However, we do not

believe geometrical considerations will. qualitatively change our conclusions (Section 3.2).

2. _ Spontaneous B_ning

To facilitate the discussion of a nommiform explosion of a mixed r_. "ion, it is useful to

discuss fl_ general terms the idea of spont_meous burning. This concept was first introduced

in Zeldovich and Kompaneetz [2"/]. Cormider a mixture with a nonuniform distribution of

temperature T(x) and chemical comp(mition Y(z). The induction time becomes a function

of spatial coordinat,, r(T(x), Y(z)). In the absence of any physical communication between

different, fluid ele.ments, the explosion will start at a point, of minimum r, and then will

spread vpontaneousl.y with a "pha_e" speed

D. ffi , 0)

which can have any value from zero to infinity. A spontaneous reaction wave doe, not

require any physical agent in order to spread. Therefore, its sp_d is not limited by the

speed of light. In reality, there is physicM communication between fuel elements, If the

spvmaneous velocity is too small, shocks and even heat conduction may ._a.use. faster flame

propagation than that prescribed by equation (1),



Let 65 be the time during which the bulk of chemical energy is released after the

induction period is over, 6t <<: =r. We can define the thickness of the spontaneous wave as

lap "_ D_p6t. If Dep --* e_. the thickness of the wave also goes to oo. This corresponds to a

constant, volume explosion. If D,p is comparable to the speed of a detonation, on the other

hand, its thickne_.s is also comparable to the thickness of a detonation wave. In this latter

case, 6,p may become much less than the size of the system under cousideration. Then the

spontaneous wave may be viewed as discontinuity which obeys the Hugoniot relatio_ for

a discontinuity with energy release.

On a pressure - specific volume plane, spontaneous burning is represented by points

located on a detonation adiabat. This is showr_ on Figure la, where the regimes of spon-

taneous burning occupy the part of the detonation adiabat from point I to point CJ. The

position of the spontaneous regime on the adiabat is determined by the intersection of

the Rayleigh line dP/dV - .-(D,p/Vo) 2 with the detonation adiabat. The regime I cor-

responds to an irdlnite spontaneous velocity wh,_n all matter burns simultaneously due to

uniform preconditioning. The point CJ corresponds to the minimum possible velocity of a

s$e_dy sponta_eous wave, and is equal to the Chapman-Jouguet velocity of a steady deto-

nation. The same, par_ of _;he detonation ,_diabat, I - C J, is occupied by weak detonations.

The difference between spontaneous waves and detonations, is that there is no shock wave

present _nside a spontaneous wave. The _tru.cture of a Chapman-Jouget detonation and a

spontaneous wave of the same strength is show3_ schematically in Figure lb.

In a detonation, the material is first 6hocked (point S in Figure 1), and _hen expands

towards the CJ point along the S - CJ line. In the corresponding spontaneous w_ve, the

material is continuo_Jsly compressed along the O - SP line until it re_hcs the CJ point (or

some other point SP). The pressure, derL_ity, and velocity in a spontaneous wave become

larger than those of a cons_ ant vc_lume explosion (point I) because burning does not proceed

simultaneously! The're exists a pressure _!;radient inside the wave pointing opposite to its

direction of propagation, since at oJ_.y i3_tant the wave consists of fluid elements with

different amount, s of released energ3,. As _ result, a fluid element passing tbzough the wave

is compressed and accelerated by this gradient. The slower the wave move:_, the longer

is the time spent inside the wave, and the greater are the pre.ssure, density and velocity

jump._ acro.._ the wave. The principle of causMity is not violated in the spontaneous wave,

as explained in [28], Although the speed of the spontan_._us wave is a phase 8peed, it is a

re_fl supergmic wave of burnir,$ which looks like a detonation in terms of the hydrodynamic

parameters of burned material,

Wc have discu_.',_d the situation where the spontaneous wave sp_md is greater or equal



to the CJ detonation velocity, Dcj. Suppose the gradient in induction time is such that

D_p is initially greater than De j, but then it decreases so that it becomes less than Dc3.

In this case, when thc spontaneous wave crosses the CJ threshold, the burned material

immediately behind the wave, which mov_ with the local sound speed relative to the wave.

will tend to overcome the wave and produce a shock. Consider an intermediate regime with

such a shock, 0 - 0' - S' - CJ, shown in Figure I. First, material burns in a spontaneous

wave from 0 - O', then it is shocked to point S', and then returns to the CJ point. The

transition from the spontaneous wave to a CJ detonation may then proceed through a

sequence of such regimes, _ith increasing shock strengths.

The description giverl in the last paragraph is a quasi-steady picture thai. is applicable

only if the sponta_.eous wave velocity changes slowly enough. If the spontaneous wave

velocity changes too fast, that is, the gradient is too steep, the shock and reaction will

separate, and the C,] detonation will not form. In the process of transition from spontaneous

wave to CJ detonation, the spontaneous velocity must. change slowly enough so that the

shock a_d reaction do not separate. This means that the nonuniform region must be

large enough so that this separation does not occur, and this, in turn, gives a criterion for

unconfined DDT.

2.2 Formulation of ghe Pn_blem

Cor_id;,r an idealized one--dimer_sional system with the equation of state P = (7- 1)Et and

T - P/p. where P, T, p and Et are the pressure, temperature, mm_s density and thermal

ener6,'y density, rcspectivcly. The chemical-reaction is described by a first-order Arrhenius

expression,

= -Y exp - (2)
dt

where Q is the activation energy, and the chemical variable Y ranges f_om Y = I for pure

reactants to Y -- 0 for t_tal products. Units of distance and time are such that the pre-

exponential factor in equ_.tion (1) is unity, and the gas constant is R - 1. Plmaa: geometry

is assumed, The sy,_tem obeys the ]Euler equations,

Op 8
+ (pu) -- o,

OpU O
+ y; (pU +

oE o3? + ((E+ PlU)

where U is the fluid velocity,

chemical energy, and q is the

= o, (3)

E = E_ + pU$/2 - pqY is the total energy density including

total eneTgy reiea._e per unit mass.
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The initial temperature and density of the fuel are To and po. The products of isobaric

burning, an approximation to burning in a laminar flame, have a temperature TI - To +

q (_). By our assumption, we consider a nonuniform region created by mixing the

products of isobaric burning and fresh fuel, such that there is a linear spatial distribution

of re_ctants Y(z) and temperature T(x):

fz/L, O<z<L
Y(z) I 1, x>L

r(z) = rl - (Ta - To) Y(x) ,
(4)

where L is the size of the mixed region. Initially, the velocity of the material is zero, and

the pressure P0 is constant everywhere. The boundary conditiom at x = 0 are reflecting

walls (symmetry conditio_m).

The system is prepared in an initial state and then evolves in time, first until ignition

takes place, then to the formation (or failure) of detxmation, and then to the time when

the generated detonation or ,_hock leaves the computational domain. The eases considered

are listed in Table 1. Parameters for the standard ease H1 with Po - 1 and To = 1 are

chosen to t,ppreximate a detonation in _ stoichiouaetrie hydrogen and oxygen mixture at

pressure of ! atm and temperature of 293 K [29,30]. The extra eases, H2 (To = 2) and H3

(To = 3), are considered to study the sensitivity of the detonation formation to the initial

temperature of the fuel.

The system of equations (2) and (3) is integrated numerically using a one-dimensional

version of a time-dependent, compressible fluid code based on the Piecewise Parabolic

Method (PPM) [31,321. PPM is a second order Godunov-like method which incorporates

a Riemman solverto describeshock wsv_s accurately.Shocks ate typicallyspread on one

or two computational cellswide. A piecewiseparabolicadvectionalgorithmadvectssharp

shocklessfeatures,s_uchas densityand compositiondiscontinuitiesor gradients,without

diffusin_them excessivelyor changing theirshape. Contact discontinuitiesare typically

kepttwo or threecellswide. Detailsof the implementationare givenin [33,34].The chem-

icalreactioniscoupled to fluiddynamics by time.stepsplitting.The kineticequation (2)

i8integratedtogetherwith the equation ofenergy conservationusing adjustablesubsteps

to keep the accuracy b_ter than I%. The gridsparingisselectedso thatthereare at least

10 ceilswithin a detonationwave reactionzone. The convergenceof numerical solutions

wa_ thoroughly testedby varyingthe numl_,rofcomputationalcellsfrom 1024 toas many

as 65536 in some ease_.



2.3 Detonation For'marion Inside the Mized Region

The induction time r as a function of temperature T and fuel fraction Y can be expre_ed

_kS

r(T,Y) "_ (7 - 1)qY exp (5)

using the FraI&-Kamenetskii approximation [35], valid when T/Q < < 1, and assuming the

ind,_c_ion takes place at constant volume. The derivatives of r with respect, to T and Y are

_r rQ Or r

OT - T _ ' OY Y
(6)

For the mixture considered here, the values of T and Y are related by equation (4). The

function r(T, Y(T)) then has a minimum at Tin, found by solving dr/dT = Or�ST +

(Or/SY)(dY/dT) = 0, so that

_ + QT,_.- QT_= o . (7)

This gives

2 = r_ 1 - _/ , (s)

• ._---L (_I- r_ ) LT,:Vo =
for To <:< T1. The point xm is the first to ignite. From this point: a spontaneous reaction

wave propagates with the speed

dr) -1 T_(T- T1) LD,p = _ - (7'i - To)(T _ + QT - QT1) r" (9)

By virtue of .:_ -,tion (7), the _peed of the reaction wave is infinite at point xm. Thus,

the reaction _,ave initially propagates supersonically, _._ described in Section 2.1 We are

inte.rested in (;he propagation of the wave to the right, x --* L, where the energy released

by the wave increases. The velocity of the wave decreases towards larger z, and becomes

equal to the local sound speed a,t some point xj determined by

D,dz,) = Dc: . (10)

At thi_ point, a pressure wave k, rms which runs into the mixture ahead of the decelerating

reaction wave. Whether this pressure wave ia strong enough to accelerate burning and to

evolve into a detonation wavc depend:_ on the length L of the mixed region.



Thereare two processes involved in the transformation of the pressure wave into a

detonation. First, the pressure wave. must steepen into a shock. This shock must accelerate

burning so that a shock-reaction complex forms. Second, the shock-reaction complex must

survive the propagation down the temperature gradient. We denote as L, the first critical

length of the mixed region such thal for L < L, the shock-reaction complex does not. form.

For L > L_, the shock-reaction complex successfully forms within the mixed region. We

denote as La the r_cond critical length of the mixed region such that for L > Ld, the shock-

reaction complex survives ant] passes aa a detonation into _,he cold .fuel. For L, < L < La,

the shock-reaction complex dies in_;idc the mixed region.

Values of L, and La were determined by the numerical simulations described in Section

2.2 by performing a series of simulation._ in which the size L of the mixed region was

varied. Figures 2--5 ._how results of simulations for H1 for four different choices of L. Bach

figure shows the evolution with _ime of the pressure, velocity, temperature, and reactant

concentration. Figure 2 show_; the ,'¢_lts for the smallest mixed region: L = 30Xd. where Xd

is the half-re_tion width of a C:: detonation. This region is so small that the quasi-ste_ly

spontaneous wave canno_ form. The pressure wave is too weak to form a shock-reaction

complex. The pressure wave generated by the spontaneous burning steepens into a shock

outside of the mixed region.

For L - 300za, shown in Figure 3, a shock wave forms at the point predicted by

equation (16), and the complex forms. The _;imulations show _hat the shock-reaction com-

plex is far _rom a steady CJ detonation and caunot be described as a small quasi-steady

deviation from the CJ s_at_. The peak press are is at least a factor of two less _han the yon

Neumann pressure for the equivalent CJ detonation at the local condition. Figure 3 shows

that, soon after _he complex is formed, the reaction zone and shock wave separate, mid

only a shock wave leaves the mLxed region. This is because the shock--reaction complex,

after being formed, must propagate through the mixture with continuou.,fly decreasing tem-

perature. The temperature gradient cause_ rapid decrease in the postsho<_ temperature,

and, consequently, rapid growth of the induction time in the postshock material.

Figure._ 4, L -- 5O0Zd < I,d.. Jhows a case similar to Figure 3, but the shock-reaction

complex decoupl_ <'lose to the end of the mixed region. In Figure 5, L - 960Xd > Ld,

the complex transforms h_to a detonation, and passes into the cold tmmixed fuel. The

critical condition for the initiation of detonation in mixed fuel and product_ is that the

shock-reaction _ne complex survives its propagation through the _:emperature gradient.

The critical lengt.hs, Ld, of a region capable of triggering e detonation, tw de:retrained by

such simulations, are pres_mied in Table 1 for cases HI --H3.

$



Thevalueof the critical length La is sensitive to initial temperature To. An _ncrea_e

of To facilitates the initiation of detonation. Cases H2 and H3 in Table 1 show that Ld

decreases by a factor of six if the initial temperature is tripled. This can be explained if

tim criterion for the detonation forraation is not the creation, but rather the survival of the

shock-reaction complex. For higher initial temperature, the postshock induction time is

less sensitive to variation_ of background conditions (see equation 6), and so it is easier for

the shock-reaction complex _o adjust to changing conditions.

2.4 Relation to Jet Initiation Experiments

One possible check on the theory described above for determining Lg is to compare the

predictions; of Section 2.3 _,ith the results of turbulent jet-initiation experiments [18,21--24].

In these experiments, a jet of hot product gases in injected into an unburned, cold mix_,ure.

The jet can be characterized by the size of the o_ifice, _i, through which hot products are

injected. The turbulence cau._cl by the interaction of this jet and the background gas

creates a nonuniform, preconditioned region in which detonation may occur. The largest

scale of the turbulence and the size of the mixed region are also characterized by d. For

these experiments, the effects of reflected shocks and interaction with wails is believed to

be small. The velocity cff the jet is approximately sonic with respec_ to the unburned

background material, Thu_ _he :;tre.ngths of the shocks formed by the exitiug jet resulted in

overpre_sures in the unburncd gas of about a faclor of two or less. The temperatwe increase

was ,_mall. Ignition occurred in the jet and seemed to be unaffected by wall interactions.

Depending on d, two distinct ignition regimes were found. For small d, deflagratio_

were ignited at many points inside the mixed region. There wa.q no transition to detonation.

For larger d, there was an expio_ion in the mixed region that led to detonation. From these

experiments, the minimum value of d for which DDT occurred was d > 10 - 20It, where lc

is the detonation, cell size.

The half-reaction zone length xd, in terms of which we derived our estimates of Ld,

is a theoretical parameter, What is measured in experiments is a detonation cell size le.

In order to estimate. 1¢ for the case HI, we use the results of two-dimensional simulation_

of detonation ce}.l structure for conditions similar to H1 130]. Scaling the resulf, s of these

simulations to nondimem;ional units, we find lc _' 27xd, where we haw'. taken lc to be

the height of a detonation cell. That is, the critical size of the mixed region in case H1 is

Ld _ 36/c. Thus the theoretical estimate of Lg is in qualitative agreement with experiments,

The somewha.t larger theoretical value, 36/¢ compared to l0 - 20/¢, could be the result of

the simplifying a_umptions (one-step kinetics, neglect of multi-dimensional effects) made



in this paper.

There have been other ettorts to relate Lg to lc. For example, Knystautus etal.

[18] found that Ld _- 13lc based on the analogy between DDT and direction initiation

of detonation by an energy source. Dorofeev etal. [21] report Ld > 71c. based on their

computations.

3. Critical Turbulent Velocity for DDT

8.1 Preconditioning by 7t,rbulence

The discussion in the previous section o_tablished that the size of the region required

to trigger a detonation is large compared to the one-dimensional detonation thickness,

La _- 103xd for c_se H1. Now the question is how to create this region. In an unconfined

space, turbulence is the only mechanism available. The turbulence in the region of size

Le must be strong enough to create microscopic mixing in t.his region. Turbulence on

large scales must be intense enough to pack individual laminar flame sheets close together.

Turbulence on small scales must be strong enough to broaden and destroy individual flame

sheets so that the products and fuel c_m mix to form a microscopic region with a gradient

of induction times.

There are generally two regimes of turbulent times we need to consider. The first is a

regime of multiple flame sheets, in which the flame is irregular on large scales but laminar

on small scales. The second is the distributed burning regime, in which the turbulence

is so strong that it modifies the laminar flame structure (See, for example [36,37]. The

transition between the multiple flame sheet and distributed burning regimes represents the

condition where the creation of the larg¢-.scale norton]form distribution of induction times

becornes possible. The flame will be affected by the turbulence on scales A > An, on which

the turbulent velocity is greater than or equal to the laminar flame speed, S_. Here AG is

the Gibson scale defined by the condition

v( a) --- (11)

where U()_) is the turbulent velocity on the scale A. The transition between the two

turbulent regimes happens approximately when AG' approaches the thicknea_ of the laminar

flame xt [36]. This e!_tirnate is approxhnate and does not accoun_ for the effects of viscosity,

which becomes importtmt when Acj approaches the viscou_ microscale ,/K. The viscosity

destroys turbulent eddies of size x f, Poinsot etal. [38] have shown theoretically that, because

of this effect, eddies larger than ,to:, with velocitiy greater than St are needed to quench the
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flame.This hasbeensubstantiatedI_. the experimental work by Roberts arid Dri_:oll [39]

who showed that eddies a factor of four larger are required.

Consider, for simplicity, a Kolmogorov cascade inside the turbulent flame brush such

that on the .scale ),, the turbulent, velocity is

U_, __Uc , (12)

where 17 is the driving scale of the turbulence, which could be approximately equal to or

larger than the size of the turbulent flame brush, and U£ k_ the turbulent velocity on this

scale. In t:his case, the Gibson scale Ac. becomes

Aa _ ( Sl _ s
c.

The condition Aa = xl now can be used to define the inten,_ity of the turbulent motior_s

needed for DDT,

= , (14)

where we introduced a coefficient K __ 1 which describes the ability of the laminar flame

to survive stretching and folding caused by turb_flence on scales, of the order of x_. Once

the exmdition of exluation (14) is reached for £ > Ld, DDT can occur by the gradient

mechanism.

For _ typical flame, the thicKnes."' _ of the laminar flame zt is approximately an order of

magnitude less than xd. That is, Ld ._- ]04xt. For a flame with Ld/zt = 104, the intensity

of turbulent motions required for DDT on the scale of Ld must be about U/. d _ 20S_, as

follows from equation (14). For ee_ample, cortsider an '_luirnolar acetylene-oxygen flame

with a laminar flame speed of 5 m/$ [40]. /,Frora equation (12), the critical intensity of

turbulent motions is approximately U_- -_ 100 m/s, The critical turbulent velocity could be

considerably tess in confined conditions because of the presence of shocks.

In unconfined situafion_, there are two po_ible sources of turbulence, the Landau-

Darrieus (L-D) instability and the Rayleigh-Taylor (R-T) instability. The L-D instability

is an intrinsic hydrodynamic flame instability tha,t doe_ not require external acceleration.

The intensity of *.__ L-D induced turbulent motions is unlikely to bc much larger than

St because of nonlinear stabilization effects [41]. The L-D instability i_ th_s not likely

to produce the level of turbulence required for DDT in any retLqonable conditions. The

characteristic turbulent velocity e_sociated with the R-T instability on t_cale L is of the
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orderof -_v/_ _ 3v/LLm/s for L in meters. The level of turbulence required for DDT can

thus be achieved only on scales of _ 100 m. This could explain why DDT in unconfined

situations is so rarely observed. To obtain DDT in the laboratory, we need some other way

of inducing much higher turbulent intensities.

8.2 Secondary Effects

When a region smaller than Ld ignites, it can still generate a substantial shock. The

dependence of the m&x]mum shock pressure on L tbund from the simulations is shown in

Figure 6. The shock strength is high for L larger t;han, say, 0.SLa, but rapidly decre_mes

for smaller L. There are two po_,_ible effects the_se shocks may produce, one related to the

temperature increase and another to vorticity created by the shocks.

The shock may raise the temperature in a region of the mLxture that is about to

explode, and this may facilitate the survival of the shock-reaction complex. Table 1 shows

that the increase of the initial temperature from To = 1 to To --=2 decreases Ld by a factor

of four. The increase of the initial temperature by a factor of two reqLfire.% however, a shock

strength P,/Po _ 8. This shock strength can be provided only by explosions of regions of

size L > 0.SLa (see Figure 6). That is, this effect may slightly decrease the one.dime_sional

estimate of Ld, but i_ not likely to change it drastically.

Another effect of a failed initiation on the surrounding mater;v.1 might be the barocl_nJc

generation of additional vortic_ty [1,42]. Such a secondary source of turbulence reduces the

amount of turbulence that must be generated by the primary sources. The turbulent

velocity induced by. this mechanism may be of order of the postshock velocity. This source

of secondary vorticity may be very important in facilitating DDT, but only when the

conditions are already close to critical. The amount of _condary vorticlty will rapidly

decree_e _dth decreasing L. We conclude that our e_timate of Ld may decrease by a factor

of about two, but will no*. change drastically if the baroclin]c mechanism is taken into

account.

The major uncertainty in the estimation of the reqvired turbulent velocity comes from

our lack of exact knowledge of flame behavior on scales ,_ xl in the turbulent velocity field.

Tt,e standard definition of the Gib,;on scale as the scale at which the turbulent velocity is

equal to the la_aina_' flame srmed, U_o --- St, and the assumption that microscopic mixing

begins when AG -- :el, gives K = 1 in equation (14). As mentioned above, recent work by

Poi_tsot et al. [38] and Roberts and Driscoll [39] suggest K > 1. There is also some evidence

from numerical simulatio_ o[ turbulent flames that this coefficient might be K "_ 3 - 5,

which wo_ld increase the critical turbulerit velocity accordingly [33]. This must be studied
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in future numerical simulations and experiments.

The same kind of mixing and fl.a._ae quenching must also take place; in the flame brush

of a t_bulent deflagration in a tube in order to have DDT in a confined situation. Although

shock prc,;onditioning definitely plays an important role in confined situations, there should

be a qualitative similarity between triggering detonation by tile explosion in the middle of

the brush and DDT in unconfined conditions. Carefully planned experiments on DDT

in tubes with quantitative characterization of the the turbulent velocity field prior to the

explosion in the brush might be u_d to shed light on tile exact value of coefficient K.

4. Conclusions

There are two key elements to the th(_ry presented above for unconfined DDT:

1. Tt_c size of f_e region Ld that can trigg_" DDT in a mixture of hot burning produc_ and

fuel. We estimate that Ld "-, lOaxa, where xa is the thickness of the one, dimensional

reaction zone of the Chapma_a-Jouo_uet detonation, or La _ 36 Ic, where le is the

detvnation cell size, or La = 1O4xt, where zl is the laminar flame thickness. This

implies that large-_ale mixJ_.g is required to precondition the region.

2. The intensity of turbulent motions required for the region of size L_ to undergo DDT.

This is estimated horn the requirements that the Gibson sc_a]e inside this regdon be

compa_'able to or less than the thJckn_s of the laminar flame (equation 14). This

requires the speed of the turbulent flame brush to be -,_ 102 times fa._er than the

laminar flame.

The criterion of DDT in unconfined flames given here can be formulated in terms of the

following three parameters of a reactive gas: the one-dimer_iona] thickaaess of a CJ detona-

tion, x4, the velocity ,S_, and the thic "kna._szl of the laminar flame. The critical si_ of the

mixed region La can be directly related to za (Section 2.3), and the latter two parameters

determine the clitical intensity of turbulence in the mixed region requir_ for triggering

DDT (Sectiort 3.1).

The high turbulent velocity required for unconfined DDT is extremely difficult to

achieve by turbulence generated by the flame itself or by the Rayk.qgh-Taylor instability,

which explains why DDT in unconfined flames is so hard to observe. The critical size of

the region Ln derived in this paper is in agreement with the results of hot jet initiation

e×perira_nts. The theory may also be extended to confined DDT in the cases when the

explosion leading to detonation takes place in the middle of a turbulent flame brush,
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Table 1

Table - Simulated Cases

Case To _' q Q Ti Tj Td Xd L,Izd LdlXd

HI 1

li2 2

H3 3

1.333 24 28.3 7.0 5.8 10.3 51.2 --_ 2 × 102 9.5 x 10 _

1.333 24 28.3 8.0 7.1 11.4 32.3 ° 3.3 x 102

1.333 24 28.3 9.0 8.3 12.5 23.5 - ,,_ 2 x 102

To

"r

q

Q

Tl

To

Xd

L_

Ld

Initial fuel temperature.

Adiabatic imtex.

Total chemical energy release.

Activation energy.

Temperature of products of isobaric burning.

Postshock temperature in a Chapman-Jouguet detonation.

Temperature of Chapman-Jouguet detonation products.

Half reaction zone length of Chapman-Joug_aet detonation.

Critical length for shock-burning I,ynchro._ization.

Critical length for detonation survival in cold fuel.
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